Introduction {#sec1}
============

Heart transplant is an accepted treatment modality in the end stage of any cardiomyopathy, heart failure, or uncorrectable congenital heart disease. About 30% of transplanted heart failures depend on the process of different types of rejection in which the most important and unpredicted is allograft vasculopathy, finally leading to its failure. In clinical practice, there is no assumption that organs from male and female donors have inherent differences affecting long-term outcomes. However, data suggest that there are important differences that must be taken into account.

Regitz-Zagrosek *et al.* \[[@cit0001]\] in 2010 published a summary and essentials about the differences in pathology of heart failure and myocardial hypertrophy and the mechanism of its protection depending on the sex. There were genes related to energy metabolism, calcium handling and the expression and activity of nitric oxide synthases that affect heart failure. Matching the donor with the recipient does not include the gender, although there is evidence that gender of donors and recipients is involved in the process of rejection. Therefore, gender issues in transplantology should be investigated.

Using an experimental animal model allows one to understand the mechanism and progress of the rejection process and introduction of new methods of pharmacological inhibition of either severe or chronic graft rejection. Heterotopic abdominal heart transplantation first described by Ono and Lindsey is a method of choice in transplantology research. This is a model of the unloaded left ventricle with selective perfusion of the coronary arteries and also unfortunately high risk of involution of the left ventricle. To avoid involution several modifications of the model were introduced, as well as aortic regurgitation \[[@cit0002]\].

Aim {#sec2}
===

The aim of this study was to assess the severity and possible type of mechanisms leading to failure of the graft in four groups of sex-matched donors and recipients.

Material and methods {#sec3}
====================

All the procedures were performed in accordance with the principles of laboratory animal care according to the Polish Law on Animal Experiments and the animals were maintained following the guidelines, with the permission of the local Ethics Committee.

The heterotopic, abdominal heart transplant was performed according to the previously published Ono and Lindsey method \[[@cit0003]\] with author's modification.

Experimental allogenic heterotopic heart transplantation in the abdomen was performed in inbred Wistar rats weighing 250 to 450 γ used both as donors and recipients. The animals were kept under standard conditions. Forty-eight hours before the procedure rats were limited in food access. Smaller rats served as donors for the bigger rats to match the abdominal aorta and vein anastomoses. All the procedures were performed with the use of a Wild M691 (Leica) microscope ([Fig. 1](#f0001){ref-type="fig"}).
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After induction of general anesthesia with pentobarbital (4.5 mg/100 γ body weight) and confirmation of the abolition of the reflexes of the donor 1 ml of heparin was administered intraperitoneally (Heparinum, Polfa Warszawa, 5000 j/ml). After 30 min sternotomy was performed. The donor heart was arrested by direct injection of 30 ml of cold (4°C) high-potassium cardioplegia (Plegisol, Abbott Laboratories) to the descending aorta, harvested and then placed directly into cold saline for 10 min. Before implantation our own modification of the model was performed -- one of the aortic leaflets was excised in order to fill the ventricle with blood, increasing contractility and postponing its involution process.

The recipient was anesthetized with the same method, placed in a supine position, the abdomen was opened and the abdominal aorta and vena cava inferior were exposed. The vessels were partially clamped and the vascular anastomoses were made with continuous sutures: end-to-side donor ascending aorta to recipient abdominal aorta just below the renal arteries (Prolene 8-0), then end-to-side donor pulmonary artery to the recipient vena cava inferior (Monosof, 10-0). Total time of ischemia was no longer than 40 min. After declamping of the abdominal vessels, the heart rate returned spontaneously and the organ became pink in color. The abdominal wall and the skin were then closed in a standard manner. Each procedure was completed within 70 min. After surgery, the recipient recovered spontaneously and received neither further post-operative medication (other than painkillers) nor immunosuppressants. We performed 40 procedures of heart transplantation in four groups (*n* = 10 in each group) depending on the gender of the donor and recipient: (F -- female; M -- male) FF, MF, FM and MM. The viability of the transplanted heart was assessed every three days by palpation through the abdominal wall. In this model, when the heart is acutely rejected, there is an abrupt reduction in the graft pulsation amplitude, completely ceasing to beat in a few days. At the same time the graft turgor and size increase, and adhesions and mild ascites appear. The changes of chronic rejection are more subtle: the heart rate becomes irregular and decreases, the intensity of pulsation reduces linearly and the heart size diminishes \[[@cit0004]\]. Palpation of the recipient's abdomen has been a reliable method to determine the time of the rejection. The individual semiquantitative scale was assessed, as previously reported by Gordon in 2007 \[[@cit0005]\]. The rejection day definition became the time-point when no graft pulsation was palpable. In this model animal death before day 2 after transplantation was considered a technical failure. Long-term survival was confirmed when the graft was viable over the whole time of observation. Observation was discontinued 10 weeks after transplantation, the animals underwent euthanasia and heart allografts were harvested. Transplanted hearts were weighed twice, the first time when harvested from the donor before implantation to the recipient, and the second time immediately after excision, to obtain the initial and final wet heart weight. Hearts were gently blotted dry, placed in a preweighed Petri dish, and weighed on an analytical balance. At 12 and 18 h before heart harvesting bromodeoxyuridine (BrdU) was administered intraperitoneally to distinguish DNA synthesizing cells.

Histology {#sec3.1}
---------

Hearts were perfused with 200 ml of 1% buffered formalin, embedded in paraffin, sectioned, and stained with hematoxylin and eosin (H + E) using standard techniques. The application of monoclonal antibodies reacting specifically with BrdU was performed with a standard immunohistochemical assay. Grading was done by a pathologist in a blinded fashion.

Statistical analysis {#sec3.2}
--------------------

Data analyses were performed with Statistica software and are expressed as means ± standard deviation (SD); the graft survival times were analyzed using the univariate ANOVA test for multiple groups. A probability value of less than 0.05 was considered to be significant.

Results {#sec4}
=======

The planned follow-up of 10 weeks was completed for 87.5% of all 4 experimental subgroups. There was 42.5% graft survival in all experiments. The mean time of graft survival was 60 ±18, 54 ±29 58 ±23 and 64 ±18 days (FF, FM, MM and MF) and no significant difference was found in graft survival time among the four experimental groups (*p* = 0.73) ([Fig. 2](#f0002){ref-type="fig"}). The mean graft survival time in MF was higher, but this difference was also not statistically significant. A change in the average donor heart weight between the time of transplantation and the point of explantation was observed in all groups. The mean weights of male donor hearts (MM and MF groups) were 1.36 ±0.18 γ and 1.5 ±0.16 γ and were higher than the respective female donor heart weights (FF and FM group): 1.02 ±0.1 γ and 1.01 ±0.33 g. We observed an increase in the heart weight in female donors (+17% in FF and +34% in FM) and more frequent atrophy in the MF group (--34%). There was a subtle change in heart weight in the MM group (--1%). None of the heart weight changes reached statistical significance ([Table I](#t0001){ref-type="table"}).

###### 

Results of the study

  Parameter                                  Female donor   Male donor   *P*-value                
  ------------------------------------------ -------------- ------------ ------------ ----------- ------
  Mean time of graft survival \[days\]       60 ±18         54 ±29       58 ±23       64 ±18      0.73
  Graft weight change:                                                                            
   Preop. \[g\]                              1.02 ±0.1      1.01 ±0.33   1.36 ±0.18   1.5 ±0.16   n/a
   % change                                  +17            +34          --1          --34        n/a
  Positive results in histopathology \[%\]   50             100          87.5         75          n/a
  Recipient body weight \[g\]:                                                                    
   Preop.                                    276            390          388          274         n/a
   Postop.                                   266            400          413          256         n/a

n/a -- not applicable.
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The recipient animals gained weight during the follow-up period from mean 295 γ to 360 γ at the time of sacrifice.

Histopathology evaluation was performed twice for each animal. The presence of necrosis, mononuclear cell infiltration, fibrosis, calcifications, and vasculopathy was classified as positive ([Figs. 3](#f0003){ref-type="fig"}, [4](#f0004){ref-type="fig"}). The degree of infiltration and arterial intimal thickening were more intense in the FM subgroup. The inner surface of most of vessels in this subgroup was irregular. The difference in percentage of positive results (50%, 100%, 85,7% and 75%) was not statistically significant for FF, FM, MM and MF subgroups, respectively. There was no difference between the different subgroups of male or female donors or recipients in cardiac allograft vasculopathy.
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In the heart model, when the graft is acutely rejected, there is an abrupt reduction in the graft pulsation amplitude, and it completely ceases to beat within a few days.

At the same time, the graft turgor and size increase, and adhesions and mild ascites generally appear ([Fig. 1](#f0001){ref-type="fig"}). On the other hand, the changes of chronic rejection are more subtle: the heart rate becomes irregular and decreases, the intensity of pulsation decreases linearly, and the heart size diminishes.

Discussion {#sec5}
==========

Although the surgical procedure does not differ between sexes the suspected gender-specific differences in outcome are suspected and/or confirmed in clinical retrospective studies \[[@cit0006]--[@cit0008]\].

According to the thesis that there are differences in myocardial hypertrophy and heart failure between females and males, there is still a strong indication for further investigations also in gender matched and mismatched transplant populations \[[@cit0001]\].

In the American Heart Association's Scientific Sessions from 2008 the thesis of the importance of gender matching between donors and recipients for short- and long-term survival in heart transplantation was discussed \[[@cit0009]\]. There was a strong statement that pairing female patients with male donors increases the risk of death during the study. Researchers suggested that heart size and differences in the immune system may explain this correlation. In summary, they stated that: matching donor and recipient by gender resulted in 13% lower risk of graft rejection within the first year, a 14% lower rate of graft rejection over the study period, a 25% drop in the 30-day death rate and, what is of most importance, a 20% lower 1-year death rate. Further statistical modeling revealed that the greatest chance for death during the study occurred when pairing a male donor with a female recipient, which made the risk of death an estimated 20% higher compared to a male donor with a male recipient. The most successful transplants occurred between male recipients and male donors, when the cumulative chance for survival was 61%. They concluded that if equivalent donors exist for a given patient, their data suggest that picking a sex-matched donor may lead to improved short- and long-term survival \[[@cit0009]\].

The difference between males and females in the area of transplantology is a result of not only the chronic rejection process and vasculopathy. In the aging female heart, hypertrophy, apoptosis and fibrosis are less pronounced that in the male heart of the same age \[[@cit0001]\]. One of the strongest mechanisms of the failing female heart is downregulation of energy metabolism. There are other mechanisms in heart hypertrophy and failure that differ between female and male hearts. One of them is calcium handling as well as calcium re-uptake and protective function of 17b-estradiol (E2) against calcium loading induced by hypoxia. There is also increased availability of nitric oxide affected by estrogens in women compared with men, which contributes to better endothelial dependent vasodilatation and increased diastolic distensibility of the heart. The data also suggest differences in pathophysiological mechanisms related to cardiac fibrosis. The sex steroid hormones such as estrogens and testosterone also affect multiple synergistic pathways in the cardiovascular system and influence myocardial remodeling.

Heterotopic heart transplantation is a repeatable model for studies on the rejection and vasculopathy. The modifications of the Ono and Lindsey method such as induction of aortic insufficiency were previously well described \[[@cit0002], [@cit0003]\]. Unexpectedly, cardiac mass was not preserved fully in working (regurgitant) transplants compared with native heart. Therefore, the hemodynamic workload induced by aortic regurgitation was not a sufficient stimulus for cardiac hypertrophy. However, aortic regurgitation correlates with the stroke volume and contributes to maintenance of ventricular mass. A wide range of cardiac atrophy (34% to 64% decrease in weight) has been reported in non-working heterotopic transplants, influenced also by the duration of non-working state, and the hearts with induced aortic regurgitation exhibited significantly less atrophy than did the control transplants. This phenomenon is supposed to depend not only on the changes in sarcomere and metabolic activity, but also on structural protein expression in non-working heart. The influence of different degrees of aortic regurgitation on hemodynamic loads necessary to maintain left ventricle mass must be investigated. But still this is the most frequently used animal model for different protocols of heart transplant research.

Although the results of our research regarding graft survival did not confirm the dependence on gender matching of donors and recipients, we observed differences between the study groups. The difference between the donor and recipient weight, as well as weight of the donor heart for given recipient, was not taken into account because in this model the transplanted heart functions as an arteriovenous fistula rather than a "working" heart and this is supposed not to influence either the graft function or overall animal survival.

Although we didn't confirm the statistical significant influence of gender matching on the degree of vasculopathy and graft survival in 10 weeks follow-up there was an observation pointing to females to be better donors.

Study limitations {#sec5.1}
-----------------

The main limitation of the study is the number of experiments in each subgroup, which could affect the results. Also placing a heart heterotopically in the abdominal position by itself leads to numerous changes in the graft, which was previously explained. This fact has to be considered in animal models of chronic rejection of the heart.

Conclusions {#sec6}
===========

Cardiac allograft rejection has been extensively studied and is associated with decreased left ventricular function.

The heterotopic heart transplant model is not a life-sustaining model, and especially in chronic rejection and chronic allograft vasculopathy \[[@cit0010]\], graft survival does not correlate with animal survival.

The population-based Framingham study suggests that prognosis in women is significantly better than in men in heart failure (men usually develop heart failure at a younger age and have higher heart failure mortality than women) \[[@cit0011]\]. In the analyses of both ISHLT and UNOS registries, increased mortality in gender-mismatched groups is reported \[[@cit0007]\]. Although evidence of potential gender matching benefits was not strong enough to outweigh the negative effects of increased time on the waiting list, the risk should be taken into account at the time of organ allocation, and should be integrated in the decision-making process, which may have an influence on post-transplant survival.
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